Abstract-This paper presents the enhancement of bandwidth in circular and annular ring sectoral patch antennas. The cavity model approach has been used in identifying the higher order mode resonances that are close to each other in the sectoral patches. Bandwidth enhancement centered around these higher order mode resonances is achieved through the use of either a shorting pin or a parasitic patch. The sectoral patches have been simulated using ANSYS HFSS. The optimum position of the shorting pin and the dimension and position of the parasitic patch were determined through parametric simulations on HFSS. Measurements showed that the annular ring sectoral patch with optimally positioned shorting pin achieved 6.3 percent bandwidth with a return loss performance greater than 10 dB while the circular sector patch with a parasitic patch achieved 5.6 percent.
INTRODUCTION
Microstrip patch antennas have been popular for their size, light weight, and ease of production. The commonly used configuration is a rectangular patch whose geometry enables easy positioning as an element of a planar array. The rectangular, circular and ring patch antennas are easy to analyze and design using transmission line model or cavity model [1] . The cavity model based solutions are in close agreement with the full wave electromagnetic analyses such as moment method and finite element method. While rectangular patches are popular for their geometry, circular and annular ring patches offer additional capabilities such as enabling ease of dual frequency operation and circular polarization support. However, all of these patches are able to operate over a narrow bandwidth of two percent centered at the resonant frequency.
Bandwidth enhancement of rectangular patches by including parasitic patches has been reported extensively [2, 3] . Stacked geometries of circular and annular ring patches have been studied for bandwidth enhancement. The cavity model was extended for the design and analysis of circular, stacked circular and annular ring patches [4] [5] [6] [7] . Shorting pins at selected positions in the geometry of patches have been used for its frequency tuning ability [8] [9] [10] of one or more higher order resonances.
Circular and ring sectoral patches offer multiple higher order resonances close to each other similar to full patches while being smaller in size. This capability of multiple resonances have been shown to be used for dual band applications [11] [12] [13] [14] . Sectoral patch with square notches has been reported for circular polarization application [15] . Gap-coupled parasitic sectoral patch for bandwidth enhancement has been reported in a study [16] . The configuration of a coaxial probe fed sector placed at a radial distance from three other gap coupled parasitic sectors in a three quarter circular layout provided increased bandwidth while increasing the size of the antenna [16] . Microstrip line fed circular sector array placed in a circular layout with four or more elements as presented in [17] was shown to increase gain of the antenna. This paper presents a unique approach to increase the bandwidth of sectoral patches while keeping the size of the antenna small in comparison to those presented in [11] [12] [13] [14] [15] [16] . The enhanced bandwidth has been achieved through a careful choice of the higher order mode resonances in the patch and the use of either a shorting pin or a parasitic patch. The sectoral patches that are a 90 • sector (a quarter of the full patch) have been simulated with ANSYS HFSS for return loss and radiation pattern. In particular, a parametric analysis was performed to determine the optimum position of shorting pin and size of the parasitic element. The bandwidth of interest in the parametric analysis was centered around the higher order resonant modes that are close to each other. The resonant frequencies of the sectoral patches have been determined using cavity model prior to simulation. The optimum position of the microstrip feed was determined through the parametric analysis. The patches were fabricated on FR4 substrate of height 1.59 mm, relative permittivity of 4.1 and loss tangent of 0.02. The technique used in bandwidth enhancement has been validated through measurements.
THEORY
The prototype of the patch antennas that have been investigated in this work are shown in Figure 1 . They are -(a) circular sectoral patch with a parasitic annular ring at the loop edge and excited by a microstrip feed, (b) an annular ring sectoral patch (90 • ) that is excited by a microstrip feed and has one shorting pin in the patch. 
Circular Sectoral Patch
The cavity model approach as described in [1] yields the field distribution in cylindrical coordinate system inside the one quarter circular sectoral patch ( Figure 1(a) ) and the resonant frequency of the antenna. Several T M mn0 modes are excited in the quarter cylindrical cavity formed by the electric walls on the top surface of the circular sectoral patch, the bottom surface (ground plane) of the patch and the magnetic walls on the three surfaces formed between the top surface and ground plane. A number of resonant modes with even values for m starting from 2 and n starting from 1 can be excited in the cavity at different frequencies. The value of m corresponds to the azimuthal variation and n corresponds to the radial variation of the fields in the cavity. The subscript zero in the T M mn0 indicates no field variation in the height of the patch. The resonant frequency, f r for various T M mn0 modes is given as
where a e is the effective radius of the patch, and χ mn represents the nth zero of the derivative of the Bessel function of mth order, J m (x), with μ and being the permeability and permittivity of the substrate of the patch. The effective radius is obtained by incorporating the fringing of the fields at the loop edge of the patch. If the patch radius is a and substrate height is h, the effective radius a e as described in [1] has been used for that sectoral patch and is given as
The higher order modes that have values of resonant frequencies very close to each other are T M 420 , T M 810 , T M 220 . The resonant frequencies for these modes are obtained from the values of χ 42 = 9.2824, χ 81 = 9.6474 and χ 22 = 9.9694. The resonant frequencies corresponding to these modes are 6.8873 GHz, 7.1581 GHz, and 7.3970 GHz for the radius of the patch equal to 30.8 mm on FR4 substrate. The enhancement of bandwidth is centered about these resonant frequencies in the design of the patch of Figure 1 (a) with a parasitic ring placed at the loop edge of circular sectoral patch. A parametric analysis on HFSS was used to determine the spacing and the width of the parasitic ring for optimum bandwidth centered on the identified resonant frequencies of the circular sectoral patch.
Annular Ring Sectoral Patch
The one quarter annular ring patch (Figure 1(b) ) is analyzed using the cavity model to determine the frequency of resonant modes. The top surface and bottom surface (ground plane) are the electric wall of a cylindrical cavity while the inner and outer cylindrical surfaces at the radial edges of the annular ring form magnetic walls. These boundary conditions are the same as that of a full annular ring. The surface at the 0 • and 90 • edges of the one quarter annular ring are magnetic walls while they can be a magnetic or electric wall for a full annular ring due to rotational symmetry. Hence the resonant frequencies of a one quarter annular ring are a subset of full annular ring. The characteristic equation for determining the resonant modes in the cavity is obtained from these boundary conditions as derived in [9] for a full annular ring and is given as
In the characteristic equation 
Due to fringing of the fields at the edges of the patch, the patch appears slightly bigger at the outer edge and smaller at the inner edge. The effective radius of the patch a e and b e as related to the actual radius a and b as given in [9] and has been used in this work. They are given as 
The characteristic equation for the determination of the resonant frequency of the sectoral patch is the same as that of full annular ring patch except that m takes on only even values due to the boundary condition at the straight edges of the sectoral patch. Also, the open straight edges at 0 • and 90 • of the sectoral patch cavity support a magnetic wall boundary condition and radiate. The frequencies of resonance of the T M 620 and T M 820 modes of the sectoral annular ring patch with inner radius of 30 mm and outer radius of 57 mm were determined from the characteristic equation as 6.27 GHz and 6.65 GHz respectively. A microstrip feed was used to excite the sectoral ring patch of this dimension at the straight edge (Figure 1(b) ). The frequency band of interest was centered around these two resonant modes. A shorting pin inserted at 45 • for this sectoral ring patch was investigated. A parametric analysis on HFSS was performed to identify the position of the shorting pin and the location of the microstrip feed for a return loss performance better than 10 dB in the frequency band of interest.
RESULTS
The width of the parasitic ring sector and the space between the fed patch and parasitic ring patch were determined from HFSS parametric analysis for the circular sectoral patch in Figure 1 (a). A spacing of 1 mm between the parasitic element and the fed sectoral circular patch was found to provide a return loss greater than 10 dB in the band. The optimum width of the parasitic element was found to be 7 mm. The microstrip feed position was included in the parametric analysis, and its location was determined to be 18.5 mm from the origin. The patch was fabricated with these optimum dimensions. The measured and simulated return losses for this patch are shown in Figure 2 . A return loss of better than 10 dB is achieved over a 8 percent bandwidth through simulation. However, measurements indicate bandwidth achieved to be 5.6 percent. The measurements also indicate that a bandwidth of 10.2 percent is achieved for a return loss of better than 7.4 dB. While optimizing the circular sector patch with the parasitic element, the simulation indicated that for a small portion of the optimized band, the return loss is close to 10 dB. Due to fabrication tolerances, one of the three identified resonances that are close to each other separated from the band causing the achieved bandwidth to be lower. A plot of the simulated radiation pattern of the patch at three different frequencies in the band is shown in Figure 3 . The radiation characteristics at various frequencies in the antenna bandwidth are similar. A 90 • annular ring sectoral antenna (Figure 1(b) ) on an FR4 substrate was analyzed around the center frequency of 6.5 GHz. The microstrip feed position as well as the location of shorting pin (diameter 1 mm) placed at 45 • of the quarter ring was determined from the parametric analysis. The shorting pin placed at 41 mm and feed position at 34 mm radius yielded a return loss better than 10 dB in the band centered at 6.5 GHz. The measurement, as shown in Figure 4 , is in agreement with the simulation. A 6.3 percent bandwidth indicated by simulation is obtained from the fabricated patch. The simulated radiation patterns of the antenna in the xz and xy planes at three different frequencies close to band edges and center of the band is shown in Figure 5 . The radiation is directional with an asymmetric pattern, but align closely in the frequency band.
CONCLUSION
This paper has presented methods to enhance the bandwidth of circular and annular ring sectoral patches and verified them with measurements. The resonant frequencies of sectoral patches have been determined using the cavity model. The modal resonances that are close to each other have been targeted for bandwidth enhancement by suitable use of shorting pins and parasitic elements. Parametric simulation on HFSS was successfully used to identify the location of shorting pins and the size and position of a parasitic element to obtain enhanced bandwidths in circular sectoral and annular ring sectoral patches. By using shorting pins, higher order modes have been tuned for better impedance match in the sectoral patches. Additionally, it has been shown that improvement of bandwidth in circular sectoral patch with a parasitic ring element is obtained without increasing the size of the antenna appreciably. The annular ring sectoral patch achieved 6.3 percent bandwidth with a return loss performance of 10 dB or better in the band with one shorting pin located optimally to support the modes. The circular sectoral patch with a parasitic element achieved a 5.6 percent bandwidth for a return loss performance of 10 dB or better.
